Polymeric fibrous scaffolds based on the biocompatible and biodegradable three-arm-branched star poly(ε-caprolactone) (Mw = 189,000 g/mol) were prepared by a melt electrospinning technique. The possibility of processing polymers without the use of organic solvents is one of the main advantages over solution electrospinning. Scaffolds were biologically tested for their ability of supporting skin tissue regeneration. For this purpose, mouse embryo fibroblast (BALB/3T3 clone A31) and human keratinocyte (HaCaT) cell lines were selected as models, and seeded onto the polymeric supports both as single and co-culture. Cell viability, proliferation, and collagen production were assessed by WST-1 assay and Direct Red 80 dye, respectively. Cell morphology and colonization of the supports were evaluated by scanning electron microscopy and confocal laser scanning microscopy. Results highlighted that the star poly(ε-caprolactone) scaffolds were able to promote collagen production by fibroblasts. In co-culture studies, scaffolds supported adhesion, proliferation, and spatial organization of both cell lines. By virtue of the observed results, the developed polymeric scaffolds appeared suitable as biodegradable and biocompatible three-dimensional supports for skin tissue regeneration in wound healing dressing.
Introduction
Skin is the largest organ of the body in vertebrates, and plays a crucial role in many physiological functions. 1 The skin forms a self-renewing and self-repairing interface between the body and the environment. 2 It protects against toxins and microorganism in the environment, and serves to prevent dehydration maintaining fluid homeostasis. Skin gets involved with sensory stimuli detection, immune surveillance, and other critical functions. Loss of skin integrity because of injury or illness may result acutely in substantial physiological imbalance and ultimately in significant disability or even death. 3 Skin is composed of epidermis and dermis. The first mainly consists of layers of keratinocytes separated from the dermis by the basement membrane. The second one underlies the epidermis, and is composed of the predominating extracellular matrix (ECM) proteins such as collagen, elastin, and glycosaminoglycans, and the cellular constituents of mainly fibroblasts. 1 Wounds that extend partially through the dermis are capable of regeneration, but unfortunately, the body cannot heal deep dermal injuries adequately. 2 Dermal wounds caused by mechanical trauma, surgical procedures, burns, chemicals, or diseases are conventionally treated using autografts, allografts, and xenografts. Although autografts are gold standards, their use has been constrained due to their limited availability in the case of severely burnt patients and also donor site morbidity. However, allografts and xenografts are plentiful but pose the risk of disease transmission and immune response. 4 Over the past three decades, extraordinary advances and improved understanding in cell/molecular biology have led to achievements in skin tissue regeneration for wound healing. 1, 5 Tissue-engineered skin, based on the concept of a cell-matrix construct, represents a significant advancement in the field of wound healing, and has emerged as promising alternative to the grafting techniques due to its inherent advantages. Tissue engineering employs tissue-specific cells in a nano and microfibrous structure that mimics the three-dimensional (3D) organization of the native tissue thus providing the functionality of any diseased or damaged organ. 4 In recent years, there has been an increasing interest in electrospinning (ES) technology for the fabrication of the scaffolds in tissue engineering. [6] [7] [8] [9] [10] [11] This technique produces nonwoven membranes with individual fiber diameters ranging from a few nanometers to hundreds of nanometers, which mimics the structure and the function of natural ECM. In this respect, ES can be utilized for manufacturing wound dressing materials, which promote faster restoration and increase biocompatibility. The fibers can be made to form a porous structure that is ideal for drugs, genes, growth factors, in order to influence cell functions, as well as cell delivery. 2, 12 Moreover, even greater control of cellular response can be achieved by attaching bioactive peptides to the fiber surfaces. 13 Electrospinning can be performed with various polymers both in solution and in melt (melt-ES). 14 Melt-ES allows new approaches to various applications offering several advantages over solution ES such as the overcoming of technical restrictions due to solvent accumulation and toxicity. 15, 16 Nevertheless, the Melt-ES technique is not able to attain fibers in nanometer range because of high viscosity of the melt polymeric jet. However, an increase in fiber diameter facilitates increased pore size and interconnectivity, which has benefits for cell penetration into the scaffold structure. 17 Electrospun scaffolds can be fabricated using both synthetic and natural polymers, as well as composite or blended materials. Among synthetic polymers, star polymers are constituted of a number of linear polymeric chains attached to a relatively small central moiety. 18 Due to their small size, spherical structure, and limited interaction between molecules, star polymers have unique properties particularly compared with linear polymers with equivalent molecular weight, such as reduced viscosity and better control over chain end concentration, which is exploitable for tailored functionalization and controlled degradation. 18, 19 In studies of biodegradable star-shaped polymers with arms made of aliphatic polyesters, such as poly(ε-caprolactone) (PCL) 20 and poly(l-lactide), 21 bound by a central core, Xie et al. 20 found that the crystallinity and biodegradation rate of starshaped PCLs with 2-5 arms could be varied by changing the arms' length. A threearm-branched star PCL (*PCL) 22, 23 investigated in the last years for the development of microfibrous scaffolds by either solution ES 24 or wet-spinning, [25] [26] [27] showed good compatibility with preosteoblast cells. In addition, *PCL microfibrous meshes have been developed by the melt-ES writing technique and characterized as potential substitutes suitable for use in tissue engineering applications. 28 In particular, the microscale topography of the developed scaffolds similar to the natural ECM suggested their employment in wound dressing applications. Nevertheless, the cellular heterogeneity that exists in a healing tissue raises the question of how a cell type influences another. One of the most powerful tools to study cellular crosstalk is the co-culture system to better understand the mechanisms of tissue regeneration. 29 Co-culture of mouse fibroblasts and human keratinocytes were used in order to verify the suitability of these constructs to provide structural integrity and mechanical strength to skin tissues in wound healing.
Materials and methods

Materials
Three-arm-branched *PCL (Mw = 189,000 g/mol) was supplied by Professor Ramani Narayan of Michigan Biotechnology Institute (Lansing, MI, USA).
Preparation of melt-electrospun scaffolds
The 3D *PCL scaffolds were prepared using a melt extrusion-based additive manufacturing (AM) system enabling layer-by-layer fabrication of 3D structures composed of melt-electrospun polymeric fibers, as previously described. 28 Briefly, the polymer was loaded into a reservoir and kept at 160°C for 1 h to allow complete melting. A nitrogen gas (5 bar pressure) was then applied to force the polymer melt to a screw extruder that controls the polymer flow through an electrically grounded nozzle (inner diameter 340 µm and 5 mm long). A 10 × 10 cm 2 copper plate was positioned on top of the construction platform, and connected to a high voltage power supply (SL70P60/230; Spellman High Voltage Electronics Corporation, Pulborough, West Sussex, UK) to generate an electric field. The deposition pattern employed to fabricate scaffolds layer by layer was calculated using a MATLAB (MathWorks, Inc., Natick, MA, USA) algorithm. A square cuboid model characterized by a base measuring 30 × 30 mm 2 , a distance between the axis of the parallel deposition lines of 2 mm, and five overlapped layers (0°-90° lay-down pattern) was designed. The nozzle X-Y translational velocity was 500 mm min −1 and the distance between the nozzle tip and the collector was 10 cm. By employing an auxiliary infrared (IR) lamp (150 W; Philips, Amsterdam, The Netherlands) the ambient temperature and humidity inside the spinning chamber was kept at 35°C ± 2°C and 22% ± 4%, respectively.
Morphological analysis
The morphology of the produced meshes was investigated using a scanning electron microscope (SEM; Jeol LSM 5600LV, Tokyo, Japan) at different magnifications (50-2000×) .
Cell culture
Mouse embryo fibroblasts BALB/3T3 clone A31 cell line (CCL-163) was purchased from American Type Culture Collection (ATCC; LGC Standards, Milan, Italy) and human keratinocytes HaCaT cell line was obtained from Cell Lines Service (CLS, Eppelheim, Germany). Fibroblasts were propagated using Dulbecco's modified Eagle medium (DMEM; Sigma, Milan, Italy), supplemented with 4 mM of l-glutamine (Lonza, Milan, Italy), 1% of penicillin:streptomycin solution (10,000 U/mL:10 mg/mL; Lonza), 10% of calf serum (Sigma), and antimycotic (Plasmocin™; Labogen, Milan, Italy; DMEM_F). Keratinocytes were maintained in DMEM (Sigma), supplemented with 2 mM of l-glutamine (Lonza), 1% of penicillin:streptomycin solution (10,000 U/mL:10 mg/mL; Lonza), 10% of fetal bovine serum (Lonza), and antimycotic (DMEM_K). Cells were grown at 37°C in a humidified CO 2 (5%) atmosphere. Fibrous *PCL scaffolds with a thickness of 1.2 mm were cut into pieces of about 1 cm 2 and sterilized by exposing to ultraviolet (UV) light for 30 min on each side. 4, 12, 30 Subsequently, scaffolds were soaked in 70% ethanol/water solution for 24 h, washed extensively with Dulbecco's phosphate-buffered saline (DPBS) added with penicillin/streptomycin solution (1%) pH 7.4, and conditioned overnight in DMEM_F. 31 For studies of cell adhesion, proliferation, collagen production, and morphology, BALB/3T3 clone A31 and HaCaT cell lines were seeded onto *PCL constructs at a density of 2 × 10 4 /cm 2 and 1 × 10 6 /cm 2 , respectively, in 1 mL of complete medium according to the literature. 32 
Cell proliferation assay
The evaluation of cell proliferation was carried out on 3T3 and HaCaT cell lines cultured in single and co-culture onto *PCL scaffolds. The proliferation rate was measured at days 3, 7, 10, 14, and 16 after seeding, using WST-1 cell proliferation reagent (Roche Diagnostic, Monza, Italy) as previously described. 33 To create a co-culture of 3T3-HaCaT with the ability to form a stratified epidermis in culture, fibroblasts were seeded on *PCL scaffolds. On day 7, keratinocytes were directly seeded onto the fibroblast-seeded scaffolds, and cells were allowed to proliferate until day 16 in DMEM_K medium. Percentages of cell proliferation were normalized on the basis of single and co-culture cultured on tissue culture polystyrene (TCPS) plates.
Collagen production
Mouse embryo fibroblasts BALB/3T3 clone A31 were seeded on fibrous *PCL scaffolds. Assessment of collagen production was carried out at days 3, 7, and 14. Scaffolds were washed twice with DPBS, and then incubated with Direct Red 80 dye (Sigma) dissolved in picric acid (0.1%), for 1 h at room temperature. After the incubation time, the dye was removed and samples were washed three times with 10 mM HCl to remove excess dye. The elution of the bound stain was performed with 0.1 N NaOH for 30 min at 37°C. Supernatants were aliquoted into 96 well plates, and the absorbance was read at 540 nm. 34 Comparison of collagen production by cells grown in two-dimensions (2D) on TCPS under the same culture conditions was performed. Fibrous scaffolds and TCPS with no cells were treated following the same protocol and considered as blank. The photometric quantification of collagen was obtained by means of a calibration curve prepared with collagen type I derived from calf's skin (Sigma). Briefly, known concentrations of collagen in acetic acid (0.1 M) were cast and dried on glass slides by solvent casting in order to obtain a thin film. Films were then fixed and treated as the samples. 35 
Scanning electron microscopy
Morphological analysis of BALB/3T3 clone A31 cell line cultured in single and co-culture with HaCaT cell line on fibrous *PCL scaffolds was carried out by SEM at day 14 after seeding. After culture medium removal, each cell-cultured scaffold was rinsed twice with DPBS, and the cells were fixed with 2% glutaraldehyde solution (Sigma) in PBS 1×. After 1 h of incubation, scaffolds were rinsed again with PBS 1×, and treated with sodium cacodylate (0.1 M, pH 7.4) for approximately 1 min. After cell fixation, specimens were dehydrated in ethanol solution of varying concentration (i.e. 10%, 30%, 50%, 70%, 90%, and 100%, respectively) for 15 min at each concentration. Samples were dried in tetramethylsilane to remove any water traces. The fixed scaffolds were mounted on a SEM stub, coated with gold at 15 mA for 20 min, and observed by SEM at different magnifications (100-2000×).
Confocal laser scanning microscopy
Morphology and 3D culture organization of 3T3 cultured on *PCL scaffolds were investigated by means of confocal laser scanning microscopy (CLSM) at days 3, 7, and 14 after seeding. Samples were fixed with 3.8% paraformaldehyde for 30 min in PBS 1×, permeabilized with a PBS 1×/Triton X-100 solution (0.2%) for 10 min, and incubated with a solution of 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Milan, Italy) and phalloidin-AlexaFluor488 (Invitrogen) in PBS 1× for 45 min at room temperature in the dark. For characterization of keratinocytes, indirect immunofluorescence assay was carried out on cell co-culture at day 16 after seeding. Samples were washed three times with DPBS, and fixed with 3.8% paraformaldehyde for 10 min. Samples were washed with PBS 1×, permeabilized with Triton X-100, and incubated with bovine serum albumin (BSA; 1% w/v in PBS 1×) for 40 min. After further washing steps, samples were incubated for 60 min with the monoclonal mouse antihuman cytokeratin clones AE1/AE3 primary antibody (1:50 in PBS 1×; Dako, Milan, Italy), and washed three times with PBS 1×. Subsequently, samples were incubated for another 60 min with polyclonal rabbit antimouse IgG-Fluorescein isothiocyanate (IgG-FITC)-conjugated secondary antibody (1:80 in PBS 1×; Dako). Samples were then incubated with DAPI (2 µL/mL) of PBS 1× for 40 min. A Nikon Eclipse TE2000 (Nikon Instruments, Florence, Italy) inverted microscope equipped with an EZ-C1 confocal laser and differential interference contrast (DIC) apparatus was used to analyze the samples at different magnification (10×, 20×, 60×, and 100×). A 405-nm laser diode (405 nm emission) and an Argon ion laser (488 nm emission) were used to excite DAPI and FITC fluorophores, respectively. Images were captured with Nikon EZ-C1 software with identical instrumental settings for each sample. Images were further processed with the GIMP (GNU Free Software Foundation, Boston, MA, USA) image manipulation software, and merged with Nikon ACT-2U software.
Statistical analysis
The in vitro biological tests were performed in triplicate, and the data are represented as mean ± standard deviation. Statistical differences were analyzed using one-way analysis of variance (ANOVA), 36 and a p value < 0.05 was considered significant.
Results and discussion
Scaffolds properties
The 3D *PCL melt-electrospun scaffolds were produced utilizing a layer-by-layer approach by means of a melt extrusion-based AM system. 28 By applying the optimized processing parameters (i.e. processing temperature of 160°C, applied voltage of 25 kV, and extrusion flow rate of 3.7 ± 0.08 mL h −1 ), 3D meshes with a controlled external geometry and composed of five microfibrous layers were obtained (Figure 1(a) ). The electrospun nonwoven fibrous structure (Figure 1(b) ) was characterized by fiber diameters of 40 ± 5 µm, and fully interconnected network of pores in the range of tens to hundreds of micrometers. 28 The layered structure appeared well suited as scaffold for the engineering of 2D tissues, such as skin, providing a cohesive microarchitecture with good integrity and a 3D microenvironment ideal for cell-cell interaction.
Cell viability and proliferation
The proliferation of the BALB/3T3 cells seeded on the prepared scaffolds increased during the culturing period, as shown in Figure 2 .
The spontaneously immortalized keratinocytes cell line HaCaT has been demonstrated to exhibit a high differentiation potential under in vivo and in vitro conditions, and thus has been extensively utilized as a substitute for normal human keratinocytes. 37 Consequently, HaCaT cells were selected for this study, seeded onto *PCL scaffolds, and cell viability was monitored for 1 week. The results confirmed an absence of cell viability due to the fact that cells were not able to adhere and proliferate (data not shown). This behavior could be due to the lack of an adequately connective substrate 32 ascribed to the poor hydrophilicity of *PCL that could have negatively influenced the cell-adhesion process. 38 To overcome this drawback, 3D heterologous organotypic cocultures of mouse embryo fibroblasts and human keratinocytes were chosen. In organotypic co-cultures, HaCaT cells form well-organized and differentiated epithelia in the presence of human or mouse embryonic fibroblasts 32 irrespective of the species and tissue origin of fibroblasts. 39, 40 This is probably due to the homology of growth factors of both species, as also observed in 2D feeder-layer cultures. 41 Fibroblasts were then seeded on *PCL-based scaffolds, and cultured for 7 days. Before HaCaT seeding, the presence of fibroblast monolayer on the constructs was confirmed from cell viability data ( Figure 2 ) and morphological CLSM analysis (Figure 7) . Cell proliferation comparable to that of single cultures was obtained for the co-culture of 3T3 and HaCaT (Figure 3 ). Although it was not possible to distinguish the contribution of the single cell lines to the proliferation values of the co-culture, an appreciable degree of metabolic activity of the seeded cells was observed. Cell proliferation of 3T3 single culture increased on day 7, with a weak decrease at days 10 and 14, probably due to the different types of culture medium used for the coculture (Figure 3) . This was also observed in control samples on TCPS. Overall, preliminary biological evaluations suggested the suitability of the selected fibrous scaffolds to sustain the adhesion and the proliferation of the co-culture of BALB/3T3 and HaCaT. As a result, these scaffolds have a promising role as biomimetic 3D extracellular matrices that provide structural support to cells and a milieu for cell migration. 42 
Collagen production
To reproduce the normal physiology of epithelial tissue in vitro, it is necessary to use collagen supports or constructs populated with fibroblasts that are able to recreate the structural component of derma through the production of collagen and the secretion of growth factors that stimulate and regulate keratinocyte proliferation. 43, 44 Type I collagen, the predominant collagen form in human skin (80%), is produced mainly by fibroblasts and is important for cell adhesion and migration within connective tissues. Moreover, a significant enhancement in type I collagen expression was observed at the wound site. 45 For this purpose, collagen deposition from fibroblasts cultured on *PCL meshes was estimated using the method of Direct Red 80 dye 35, 46 and compared with collagen produced from fibroblasts grown in 2D TCPS. Values of collagen expressed as micrograms and obtained from 3T3 cultured on 3D *PCL constructs and 2D TCPS were compared to the values of cell proliferation expressed as absorbance of produced formazan measured at 450 nm (Figure 4 ). For the first 3 days of culture (Abs = 0.240), the collagen produced in 3D culture was significantly greater with respect to the 2D culture (p < 0.001). Moreover, with longer culture times, 7 (Abs = 0.750) and 14 (Abs = 1.420) days, the 3T3 cells cultured on fibrous *PCL meshes increased production of collagen 4-to 8-fold higher than cells cultured on TCPS (p < 0.001). In the present studies, type I collagen was selected for the calibration curve because of its predominance in ECM. Since Direct Red 80 dye binds in a similar fashion to collagens I, II, and III, 47 the obtained collagen amount was slightly overestimated. Nevertheless, the observed trend between the production of collagen in 2D and 3D conditions was maintained. Thus, *PCL scaffolds had excellent capability to induce 3T3 cells to synthesize and promote the deposition of collagen in continuous networks that form the structural ECM. 48 This result confirmed the suitability of the prepared scaffolds as ECM substitutes, providing an appropriate environment for the engraftment of the keratinocytes, as indicated from the previous data of cell proliferation (Figure 4 ).
Scanning electron microscopy
Scanning electron microscopy analysis allowed further characterization of the morphology and colonization of the BALB/3T3 clone A31 cells cultured for 14 days on the fibrous *PCL scaffolds. As shown in Figure 5 , 3T3 cells have features indicative of cell activation, including numerous filopodia and fiber-like processes that allowed the anchorage of the cells to the substrate with the formation of a complex multicellular coverage. 49 3T3 cells were able to colonize the scaffold surface with evident adhesion and spreading, confirming the previous data of cell proliferation. Further analysis allowed for emphasizing the morphology of the fibroblasts and keratinocytes grown in co-culture and the way of colonization of the fibrous *PCL scaffolds, as well as to confirm the presence of both cell lines. As shown in Figure 6 , 3T3 cells were able to colonize the entire polymeric surface of the scaffold, adhering and diffusing in every direction and confirming quantitative data of cell proliferation. The presence of a 3D cellular net and features indicative of cell activation was determined by SEM analysis. 49 In particular, on the top of the scaffold, at the airliquid interface, there was a clear prevalence of keratinocytes that formed a continuous cell layer with the presence of keratin scales, resembling a stratified and cornified epithelium. HaCaT colonization was noticed around and at the intersections of polymeric fibers (Figures 6(a) to (c)). Moreover, the presence of keratinocytes was observed also in the cross-section of the scaffold (Figures 6(d) to (f)). Nevertheless, it was assumed that multicellular coverage could be developed because of the extended underlying presence of fibroblasts that promote the adhesion and proliferation processes. In fact, an accurate observation of the bottom of the scaffold highlighted the prevalence of fibroblasts, detectable for the presence of numerous filopodia and fiber-like processes that allowed for anchorage to the fibers (Figures 6(g) to (i)). The tendency of the cells to colonize in different ways in different areas of the scaffold could be due to the intrinsic ability of the cells to auto-organize themselves in a 3D structure. In fact, the regulation of keratinocyte proliferation in co-culture takes place via a double paracrine pathway that involves the release of the keratinocyte growth factor by fibroblasts and interleukin 1 by keratinocytes. 50 Moreover, as reported in the literature, 51 the organization and the differentiation of keratinocytes cultured on 3D constructs is closely related to the presence of fibroblasts. Fibroblasts provide a supportive environment for keratinocytes that tend to form a continuous "epidermal" layer at the air-liquid interface. 50 
CLSM
Cell morphology and cytoskeletal structure of 3T3 grown on the prepared *PCL scaffolds were observed with CLSM microscopy. The adherent cells were stained for F-actin with FITCphalloidin, and the nucleus was stained with DAPI. Cells, observed with a 20× magnification, displayed spread out spindle and stellate shapes 12 with dendritic (arm-like) extensions from the cell membrane anchoring the cells across the fibrous substrate (Figure 7) . The cell architecture involved F-actin organization with early stages of cell adaptation to the material, 52,53 exhibiting significant stress fibers stretched along the cytoplasm. On the third day of culture, a reduced presence of cell clusters adherent on the fibers' surface was in agreement with the viability results ( Figure 2 ). This behavior could be due to the inefficacy of the seeding procedure because of the inability of the polymeric meshes to retain a large number of cells. Nevertheless, a progressive increase of cells colonizing in polymeric meshes was observed for longer culture periods of time (7 and 14 days), as previously demonstrated from cell proliferation data. At day 14, cultured samples exhibited full cellular colonization of the available fiber surfaces as indicated by a wide continuous cell culture net.
Indirect immunofluorescence was used for confocal microscopic visualization of cytokeratins in order to discriminate the HaCaT cell line from the BALB/3T3 clone A31 cell line in the coculture. Cytokeratins are typical proteins that form the intermediate filaments of the cytoskeleton of epithelial cells ensuring mechanical stability and structural integrity of both the single epithelial cells and, via cell-cell contacts, that of the epithelial tissues. 54 The HaCaT and BALB/3T3 clone A31 cell lines were able to colonize the fibers of the scaffolds. As shown in Figure 8 , the co-culture completely overlaid the scaffold and resembled epithelial tissue having areas with prevalence of fibroblasts. The mono-culture revealed more precisely the 3D arrangement of the fibroblasts that prefer the fiber's intersection linking interfiber spaces and confirming their supporting role in the epithelial tissue's architecture. 55 Micrographs at higher magnification allowed the visualization of the HaCaT morphology and cytoplasmic disposition of the keratins. The HaCaT had a typical polygonal shape with extremely reduced intracellular spaces (Figure 9 ). Keratin, extending inside the cytoplasm as a net, was able to cover the nucleus and connect the cell-cell junctions and desmosomes. 37, 54 
Conclusions
Microfibrous *PCL scaffolds were successfully prepared by using a melt-ES technique with a layer-by-layer approach. A preliminary screening was carried out in order to evaluate the suitability of the scaffolds as 3D supports in the replacement of the natural ECM, by using mouse embryo fibroblast BALB/3T3 clone A31 as cellular model. Scaffolds demonstrated the ability to support cell adhesion, proliferation, and migration, thus preserving and increasing the ability of the cells to produce collagen, one of the main fibrillar components of the ECM. 56 Moreover, further studies to better investigate the suitability of the fibrous *PCL scaffolds for wound dressing applications 1 were carried out using co-cultures of mouse embryo fibroblasts and human keratinocytes. The scaffolds demonstrated their ability to support the growth of both cell lines. Moreover, cells were able to auto-organize themselves into a 3D structure resembling the native architecture of epithelial tissues. Future studies will be carried out in order to confirm these in vitro results, by using an ex vivo skin equivalent wound model.
